Abstract: A low-cost and efficient photocatalytic reactor for environmental treatment and green technology was presented. ZnO nanorods firmly growing on polycarbonate optical disk substrate are generally perpendicular to the substrate as the immobilized photocatalyst of the spinning disk reactor. The photocatalytic efficiency and durability of the ZnO nanorods are effectively demonstrated.
Introduction
With the development of human civilization, the progress of science and technology has brought a lot of damage to our unique Earth. Rapid progress in nanotechnology concurrently promises to revolutionize industry and presents opportunities to create a new and better life. Some of the potential are applied to environmental remediation and green energy. Photocatalyst can promote the reaction without chemical changes itself under light irradiation at low temperature, which functions like chlorophyll in photosynthesis. The initial interest in the heterogeneous photocatalysis was started when Fujishima and Honda first demonstrated the photochemical splitting of water into hydrogen and oxygen with TiO 2 [1] in 1972. Since then, extensive work and literatures have reported on a laboratory to scale the potential of such promising and bionic technology for environmental purification [2] , selfcleaning materials [3] , advanced solar energy conversion [4, 5] , cancer treatment [6] , and highly efficient antibacterial [7] .
Semiconductors such as titanium dioxide (TiO 2 ), zinc oxide (ZnO), iron oxide (Fe 2 O 3 ), tungsten trioxide (WO 3 ), and cadmium sulfide (CdS) have become popular as a photocatalyst for the degradation of organic pollutants in water and air [8, 9] . Recently, ZnO has attracted much attention with respect to the photochemical reactions of various reactants due to its high photosensitivity, stability, and wide band gap [10] [11] [12] . ZnO has been widely used in various kinds of photonics devices such as lasing devices [13] [14] [15] [16] , photovoltaic device [17], lightemitting diodes [18, 19] , photon detectors [20, 21] , and optical data storage [10] . ZnO is considered as a low cost photocatalyst for experimental degradation of organics in heterogeneous catalytic processes.
Because of the raising environmental awareness, developing a photocatalytic reactor with efficient activity is highly anticipated for large-scale water treatment [4, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Several major factors explored to impede the research and specific design of photocatalytic reactor have been studied in many literatures [4, [33] [34] [35] [36] [37] . The spinning disk reactor was considered as an alternative to conventional processing technology, claiming to offer distinct advantages with respect to mixing characteristics, heat transfer, and residence time distribution.
In this experiment, we developed a simple process of large-area ZnO nanorods on the polycarbonate optical disk substrate, which is called photocatalytic optical disk (POD for short). A corresponding photocatalytic spinning disk reactor was designed concurrently. The spinning disk reactor generally has advantages such as high mass transfer rate, the increase of process efficiency, low power consumption and smaller occupied space. In addition, the high rotation speed generating extremely thin liquid film of reactants to improve the irradiation light transmittance, which can significantly raise the absorption rate during the photocatalysis.
To prepare the POD, hydrothermal process was adopted to fabricate ZnO nanorods aligned vertically on the optical disk (polycarbonate) substrate to maximize the effective surface area and active sites of such heterogeneous chemical reaction. Hydrothermal technique has more advantages than other methods such as large scale uniform array manufacture and low synthesis temperature on various substrates.
Some tests of the mechanical flexibility, adhesion, and repeated chemical durability of photocatalytic reaction disks show that the easily mass-produced and large-area ZnO films are reliable standing for the practical chemical applications and our intended green purpose.
The optical disk polycarbonate substrate is used to be the high-speed rotating device in the reactor due to its durable property and high impact-resistance. In addition, optical disk as data storage devices are cheap, readily available and very commonly used in our daily life. The annual production capacity of optical storage disk is nearly 20 billion disks in recent years [38] ; hence the practical utilization of photocatalytic polycarbonate substrate opens a different pathway corresponding to the increase of optical disk waste.
The aim of the present work is to investigate the efficiency of photocatalytic reaction on ZnO nanorods using spinning optical disk reactor. The photocatalytic activity was evaluated by the degradation of methyl orange (C 14 H 15 N 3 O 3 S) as a model compound in aqueous solution because it was possible to use UV-visible spectroscopy to monitor the decomposition under different concentrations of methyl orange during the chemical reaction process [39] .
Experimental

Preparation of POD
Compared to bulk materials, nano-sized ZnO structures are efficient photocatalysts resulted from their highly crystalline nature and high carrier mobility, which leads to an effective charge-separating and suppress the occurrence of photogenerated charge recombination. Among the nanomaterials, ZnO nanorods had a higher catalytic activity than nanoparticles and bulk forms due to their high purity and crystallinity [40] .
When the size of the ZnO nanorods falls below a critical value of approximately 50 nm, the charge carriers will be in quantum confinement producing discrete electronic states and increases the effective band gap of ZnO [41] . Therefore, a larger band gap energy lowers the recombination probability of photogenerated electron-hole pairs, which in turn enhances the reducing/oxidizing activity caused by higher charge transfer rate between the catalyst and the reactants [42] .
Under the consideration of developing the fixed-bed catalytic reactor, the maximum effective surface of heterogeneous photocatalyst can be achieved via the vertical alignment of ZnO nanorods array. On account of the huge growth in the number of global optical disk production recently, the optical disks are readily available in our daily life. Therefore, optical disks made of plastic polycarbonate are used as photocatalytic substrates of POD due to the convenience, the feasibility, and the recycling concept of the optical in the further consideration of the overall green purpose for the experimental design among the intended goals. In addition, the polycarbonate is flexible, impact-resistant and also transparent in the optical regime.
A wide range of techniques have been used to synthesize one-dimensional ZnO nanorods. The photocatalytic samples with ZnO nanorods standing on the substrate are prepared using hydrothermal process of the wet chemical methods. For growing ZnO nanorods, hydrothermal method has been demonstrated as a very powerful and versatile technique over other methods since they are easier, low experimental cost, environment protective, capable of easy scaling up, of relative high sample uniformity, controllable and repeatable [43] . The growth occurs at low reaction temperatures, without metal catalyst assistant, and then more likely to integrate with flexible organic substrates.
To prepare the POD, an autoclave shown in Fig. 1 was developed for hydrothermal reaction of the ZnO nanorods on the optical disk polycarbonate substrate. The experimental procedure was carried out in two steps as follows: The seed thin film of SiO 2 was coated on the substrate prior to hydrothermal chemical growth. 20-nm-thick SiO 2 film and 20-nm-thick ZnO were sputtered on the polycarbonate substrate as buffer layer and seeds layer for epitaxial growth of ZnO nanorods in hydrothermal process, respectively. The ZnO coated polycarbonate substrate was immersed into a aqueous solution of zinc nitrate hexahydrate (Zn(NO 3 ) 2 •6H 2 O) and hexamethylenetetramine (HMTA) inside the specially made autoclave (Fig. 1 ) and heated at 100°C for 24hrs and then cooled to room temperature. Zinc nitrate hexahydrate (Zn(NO 3 ) 2 •6H 2 O) and HMTA(hexamethylenetetramine), are used as Zn 2+ source and pH buffer, respectively. The substrates with white precipitate on the surface was rinsed with distilled water and dried at 10°C. The optical disk with ZnO nanorods as photocatalyst was finally developed.
The surface morphology of the POD was characterized by a scanning electron microscope (SEM). The crystal structure was examined by X-ray diffraction. A good catalyst owns properties such as good activity, long operating life, simple regeneration, robust, and low cost. Therefore, the photocatalytic activity was determined by degradation of methyl orange as a model compound. Chemical reaction durability and mechanical flexibility are tested in turn. The ZnO nanorod arrays can cover the entire surface area (43275 mm 2 ) of the optical disk with uniform thickness and flat appearance, which was shown in Fig. 2(a) . Flexibility of the ZnO nanorod arrays on optical disk polycarbonate substrate was demonstrated prior to photocatalytic reaction via bending test in Fig. 2(b) . Examinations showed that ZnO arrays on the upper surface of the optical disk can be restored after the external stress. The Scotch-tape peeling investigation exhibits a strong adhesion of the ZnO nanorods to optical disk substrates in Fig. 2(e) . The irradiated ultraviolet (λ = 254 nm) as the light source providing sufficient energy for photocatalytic activation was decided by the absorption spectrum of the ZnO nanorod arrays in Fig. 3(a) . The absorption in the visible regime is an optical signal caused by the oxygen vacancy in ZnO obtained by the hydrothermal method [44] . Therefore, the large-area ZnO nanorods arrays can gather more photons and be more likely to induce or promote the chemical reaction under solar illumination. X-ray diffraction (XRD) spectrum of ZnO nanorod arrays on POD is shown in Fig. 3(b) . All of the diffraction peaks can be indexed to the hexagonal wurtzite structure of ZnO crystal. The XRD 2-theta scan at angles near the strong and sharp peak of ZnO (002) shows that the films are polycrystalline with a strong preferred c-axis orientation. Figure 3(c) is the high-resolution transmission electron microscope of the ZnO. The lattice fringes with d-spacing of 0.26 nm match the interspacing of the (002) planes of the hexagonal-close-packed ZnO rod, which is also in agreement with that of bulk ZnO. 
Rotating disk reactor
The chemical reaction rate depends on the frequency of contact and/or collision of the reactants in the rate-determining step. The heterogeneous catalysis can be divided into five steps, (1)diffusion of reactant(s) to the catalytic surface, (2)adsorption of reactants onto the surface, (3)reduction and/or oxidation reaction of the reactants, (4)desorption of products from the surface, (5)diffusion of products away from the surface [45] . The diffusion of reagents to the surface(adsorption) and diffusion of products from the surface(desorption) can be rate determining. Considering the catalyzed photoreaction, the irradiated UV light yielding electron-hole pairs in the photocatalytic semiconductor was also crucial in the heterogeneous photocatalysis.
In this work, a novel photocatalytic spinning disk reactor was designed for practical utilization. The prepared optical disk with immobilized ZnO photocatalyst was positioned on the disk drive spindle erected in the center of the reactor.
In the reactor, ZnO nanorods are adhered to the surface of the optical disk operating at the speed of 300 rpm which was demonstrated yielding optimum diffusion of reagents and products [23] . Methyl orange was used as a probe for photooxidation reactions of organic pollutants and thus demonstrated the feasibility of the reactor for green remediation. 500 mL of 2 × 10 −5 M methyl orange aqueous solutions as reactant can be delivered into the container and circulated via the peristaltic pump through the reactor for 160 minutes under 254nm UV light source irradiation. A series of samples were withdrawn at certain time intervals for absorbance measurements.
The variation in concentration corresponding to the decomposition of methyl orange aqueous solutions was determined by spectral changes at its absorption maximum wavelength (λ max = 466.5 nm) during photocatalytic degradation every 20 minutes.
Moreover, the degradation of methyl orange following pseudo-first order kinetics was determined by the relation below:
k is the chemical reaction rate constant, C 0 and C indicate the initial concentration and reaction concentration, and t is the reaction time, respectively.
The liquid reactant is fed close to the center of the optical disk and flows in the radial direction along the disk upper surface and the light source is illuminating from the above (Fig.  4) . Photocatalytic spinning disk reactor is considered as an optofluidic system to provide a non-inertial frame with centrifugal and Coriolis acceleration simultaneously, which result in the curvilinear motion of liquid reactants to increase the residence time of the reagents (Fig.  4(c) ). The organic reagents can also be highly mixed and pressured to generate extremely thin liquid film improving the transmittance of the photoreactive UV light. 
Results and discussion
In the experiment of methyl orange photodegradation in the spinning disk reactor, the variation of absorption lines indicates the degradation of methyl orange during the photocatalytic process in Fig. 5(a) . Since the intensity of the optical absorption peak is directly proportional to concentration of the MO molecules in solution, the rate of photodegradation reaction can be monitored by the optical spectra. The intensity of the optical absorption peak of methyl orange molecules located at around 450-520 nm is decreased with the processing time, indicating that the molecules are photodegraded by the POD. More than 40% of methyl orange can be photo-decomposed within 40 minutes. Less than 8% of the methyl orange remained in the aqueous solution after 160-minute treatment. The progress of the photodegradation of methyl orange molecules can be clearly observed in the supporting Media 1. The maximal attenuation degree is over 95% and degradation rate indicated by k, assuming that reaction kinetics follows a pseudo-first order rate law in Eq. (1), is over 1.544 × 10 −2 min −1 . The chemical-catalytic durability of ZnO nanorods on the optical disk was tested as shown in Fig. 5(b) . After five repeated and continuous photocatalytic reactions, the efficiency of chemical processing can still maintain more than 90% in 100 minutes and the reaction curves are also unchanged for these assigned reactions. Thus, the degradation rates in the five tasks keep the same. The experiment of methyl orange decomposition manifested the overall efficiency and practical utilization of the photocatalytic spinning disk reactor. The specially designed spinning optical disk reactor realized the long-term pursuit of the environmental applications of the photocatalytic ZnO nanorods due to its real-scale achievement, readily available optical disk substrate and simple fabrication method.
The large-area and uniform ZnO nanorods on the polycarbonate substrate in the spinning reactor can also provide a strongly non-inertial and photosensitive field of lab-on-chip platform for optofluidic application in photonics, sensing and optoelectronic device. 
Conclusion
An approach about growing large-area and vertically aligned ZnO nanorods as a semiconductor photocatalyst on optical disk made of plastic polycarbonate is demonstrated. For the purpose of water treatment by the POD, we developed the photocatalytic spinning disk reactor. It has several advantages, such as high mass transfer rate, thin liquid ðlm for coupling more irradiated UV light, longer residence time of water, and small occupied space. In addition, optical disk as the optical transparent and flexible substrate are available in our daily life and the photocatalytic ZnO nanorods are easily synthesized with low cost, high throughput, and simply allowed for replacing a new one.
The photocatalytic efficiency experiments by degradation of methyl orange as a model reaction give promising results for real-scale water treatment. Photocatalytic durability, mechanical flexibility, and Scotch-tape peeling test are in turn presented. Therefore, we can demonstrate a cheap, efficient, and flexible photocatalyst to remove large amounts of organic pollutants from waste water without complicate process.
Moreover, the plasmonic materials [46] [47] [48] [49] [50] [51] [52] [53] [54] are very helpful for further improving the efficiency of the photocatalytic spinning disk reactor [24] . Several effects induced by surface plasmon resonance such as plasmonic hot electron, plasmonically induced heating and an induced electromagnetic ðeld can be utilized on this purpose. This work is very promising for the photocatalytic environmental treatment.
